Arsenic (As) tops the ATSDR list of hazardous environmental chemicals and is known to cause liver injury. Although the concentrations of As found in the US water supply are generally too low to directly damage the liver, subhepatotoxic doses of As sensitize the liver to experimental NAFLD. It is now suspected that GI microbiome dysbiosis plays an important role in development of NALFD. Importantly, arsenic has also been shown to alter the microbiome. The purpose of the current study was to test the hypothesis that the prebiotic oligofructose (OFC) protects against enhanced liver injury caused by As in experimental NAFLD. Male C57Bl6/J mice were fed low fat diet (LFD), high fat diet (HFD), or HFD containing oligofructose (OFC) during concomitant exposure to either tap water or As-containing water (4.9 ppm as sodium arsenite) for 10 wks. HFD significantly increased body mass and caused fatty liver injury, as characterized by an increased liver weight-to-body weight ratio, histologic changes and transaminases. As observed previously, As enhanced HFD-induced liver damage, which was characterized by enhanced inflammation. OFC supplementation protected against the enhanced liver damage caused by As in the presence of HFD. Interestingly, arsenic, HFD and OFC all caused unique changes to the gut flora. These data support previous findings that low concentrations of As enhance liver damage caused by high fat diet. Furthermore, these results indicate that these effects of arsenic may be mediated, at least
Introduction
Exposure to high concentrations of arsenic is associated with a myriad of health effects including skin lesions, hypertension, cardiovascular disease, respiratory disease, and malignancies of the skin and internal organs (Waalkes et al., 2004) . The liver, a major site of arsenic metabolism, is a known target of arsenic toxicity (Santra et al., 1999) . Indeed, chronic arsenic exposure causes hepatomegaly, non-cirrhotic portal fibrosis and portal hypertension (Mazumder, 2005; Santra et al., 1999; . The concentrations of arsenic found in the US water supply are generally considered lower than those necessary to cause overt liver damage, however lower concentrations of arsenic can cause more subtle changes in the liver (Straub et al., 2007) and can sensitize the liver to injury by another insult . Therefore, although arsenic levels in the US may not be high enough to directly injure the liver, there is evidence that low levels of arsenic may interact with other risk-modifying factors to cause hepatic injury.
Obesity is another major health concern for the US and globally. More than one third of American adults are obese (Ogden et al., 2012) , and it is expected that the number of obese individuals in the US will double by 2050 (Fakhouri et al., 2013) . Obesity is associated with a myriad of health effects including insulin resistance, diabetes, and non-alcoholic fatty liver disease (NAFLD). NAFLD is a spectrum of disease states including simple steatosis, nonalcoholic steatohepatitis, and fibrosis and cirrhosis. Studies have shown that about 20-30% of the general population has NAFLD (Browning et al., 2004) however the prevalence of NAFLD can more than double in obese cohorts (Bellentani et al., 2000) . Despite the high incidence of NALFD in obese populations, only minority of obese individuals ever progress to more severe stages of liver disease, such as non-alcoholic steatohepatitis. Risk factors for primary NAFLD include obesity, type II diabetes and dyslipidemia (Clark, 2006) ; however it is likely that other unidentified risk factors contribute to progression to more severe stages of liver disease (i.e. NASH).
Interestingly, there is potential overlap in areas of risk for arsenic exposure and obesity. For example, rural communities, which have both artesian water supplies that are unregulated by Clean Water Act, often have high arsenic concentrations; these areas also generally have a high prevalence of obesity. In a study investigating the possible interaction between obesity and arsenic, this group demonstrated that low concentrations of arsenic synergistically enhance liver damage caused by high fat diet (Tan et al., 2011) . These data suggest that arsenic may be an underlying factor that modifies the risk of hepatic injury caused by obesity. However, the mechanism(s) underlying this enhancement of NAFLD remain unknown.
The role of the gut:liver axis in liver disease is well recognized. Indeed, liver injury is associated with dysbiosis, disruption of gut barrier integrity, and leakage of inflammatory bacterial-derived components (i.e., endotoxin) from the gut into the systemic circulation. Obesity can affect gut permeability by decreasing the barrier function of the epithelium (Cani et al., 2008) . Additionally, both obesity and arsenic have been shown to alter gut flora (Choudhry et al., 2009 ). Interestingly, probiotics or prebiotics that promote commensal bacteria growth, can preserve intestinal barrier integrity and protect against liver injury in animal models of NAFLD (Li et al., 2003) . Recently, arsenic exposure has been shown to also cause dysbiosis in mice (Lu et al., 2014) , which could, in principle, exacerbate the effect of HFD. The purpose of the current study was to test this hypothesis and to determine if the prebiotic oligofructose, an oligosaccharide found in vegetables and other plants, can protect against enhanced liver injury caused by arsenic in a mouse model of NAFLD.
Methods

Animals and treatment
Four week old male C57Bl6/J mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in a pathogen-free barrier facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and procedures were approved by the local Institutional Animal Care and Use Committee. Food and tap water were allowed ad libitum. Mice were fed AIN-76 Purified diet (Harlan Laboratories) for one week to reduce potential confounding factors of arsenic present in standard laboratory chow (Kozul et al., 2008) . Mice were exposed to sodium arsenite (4.9 ppm in drinking water) or tap water for one week prior to initiating feeding with either low fat diet (LFD; 13% fat in calories), high fat diet (HFD; 42% fat in calories), or HFD containing oligofructose (OFC; 5% w/w) (Harlan Laboratories, Madison WI) for 10 weeks ( Figure 1A ). This exposure concentration of arsenic was determined by previous range-finding experiments to cause no overt liver damage in mice fed low-fat diet (Tan et al., 2011) . Food and water consumption were measured twice a week. Body weight was measured once a week. At termination of the experiment, mice were anesthetized with ketamine/xylazine (100/15 mg/kg i.m.). Blood was collected from the vena cava just prior to sacrifice by exsanguination and citrated plasma was stored at −80°C until further analysis. Contents of the cecum were removed at sacrifice and snap-frozen in liquid nitrogen. Some portions of liver tissue were snap frozen in liquid nitrogen, while other portions were either fixed in 10% neutral buffered formalin or embedded in frozen specimen medium (Tissue-Tek OCT compound, Sakura Finetek, Torrance, CA) for subsequent sectioning and mounting on microscope slides.
Clinical Chemistry and Pathologic Evaluation
The plasma activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were determined spectrophotometrically using standard kits (ThermoScientific, Waltham, MA). Formalin fixed, paraffin embedded sections were cut at 5 µm and mounted on glass slides. Sections were deparaffinized and stained with hematoxylin and eosin (H&E).
Lipid determination
Total lipid was extracted from mouse livers as previously described (Tan et al., 2011) . Briefly, mouse liver was first homogenized in 2× phosphate buffered saline. Hepatic lipids were extracted from pulverized liver tissue with methanol:chloroform (2:1), dried in an evaporating centrifuge, and resuspended in 5% fat-free bovine serum albumin. Hepatic triglyceride (Thermo Scientific, Middletown, VA) non-esterified fatty acids (Sigma Aldrich, St. Louis MO) were determined using standard kits. Values were normalized to initial liver tissue weight.
Immunostaining
Immunohistochemical staining for the marker F4/80 was performed as previously described (Tan et al., 2011) . Immunofluorescent detection of fibrin deposition was performed as described in . Bright field staining and fluorescence for Alexa 488 (490 ex , 520 em nm) and Hoechst (350 ex , 460 em nm) were visualized using a Nikon Eclipse E600 microscope (Nikon Corporation, Tokyo, Japan). Metamorph software (Molecular Devices, Sunnyvale, CA) was used to acquire photomicrographs and to quantitate number of positive cells per 1000 hepatocytes (F4/80 staining) or total fluorescent signal per field (fibrin staining) (Tan et al., 2011) .
RNA Isolation and Quantitative Reverse-Transcriptase Polymerase Chain Reaction
The hepatic expression of select genes was detected by quantitative reverse-transcriptase polymerase chain reaction (rt-PCR), which is routine for this group (Tan et al., 2011) . PCR primers and probes for TNFα, PAI-1 and β-actin were used as described previously (Tan et al., 2011) . Total RNA was extracted from liver tissue by a guanidinium thiocyanate-based method (RNA STAT 60 Tel-Test, Ambion, Austin, TX). RNA concentrations were determined spectrophotometrically and 1 µg of total RNA was reverse transcribed using a kit (Quanta Biosciences, Gaithersburg, MD). PerfeCta qPCR Fast Mix (Quanta Biosciences, Gaithersburg, MD) was used to prepare the PCR reaction mixture. Amplification reactions were carried out using the ABI StepOne Plus machine and software (Quanta Biosciences, Gaithersburg, MD). The comparative CT method (2 −ΔΔCt ) was used to determine fold changes in mRNA expression compared to an endogenous reference gene (β-actin).
Bacterial DNA extraction and deep sequencing of the cecal content DNA was extracted from frozen cecal pellet using the QIAamp DNA Stool Mini Kit, according to the manufacturer's directions. Deep sequencing of bacterial 16S rDNA regions was performed with 454 FLX Titanium sequencing using previously established protocols (Bull-Otterson et al., 2013) . The V3-V5 16S rDNA gene variable regions were amplified by PCR using 454 adapter-linked bar-coded primers 375F and 926R as previously described (Jumpstart Consortium Human Microbiome Project Data Generation Working Group., 2012). Amplicons were purified using a SPRI bead clean-up step, quantitated by picogreen assay, normalized, pooled, and then sequenced on a 454 instrument using the FLX Titanium chemistry.
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The raw sequencing dataset, consisting of an average of 28,590 reads per sample with an average read length of 253 nucleotides, was deconvoluted via the PyNAST alignment tool (Caporaso et al., 2010) using the Greengenes reference database as described by (DeSantis et al., 2006) ; the database employed was released in August 2013. Quality filtering was performed filtered with cutoff parameters of: less than 200 and greater than 1,000 bp, quality score below 30, number of mismatches in primer greater than 0, number of ambiguous bases greater than 6, and maximum homopolymer runs greater than 6. Following quality filtering, 514,622 sequences remained from the original 531,138 with an average read length of 253 nucleotides. Chimeric sequences were removed by reference and de novo chimeric filtering with UCHIME (Edgar et al., 2011) utilizing the Greengenes reference database released in August 2013 (DeSantis et al., 2006) . Operational taxonomic unit (OTU) tables based on sequences within the filtered data set were then generated by taxonomic binning via the Quantitative Insights Into Microbial Ecology tool (Qiime) and its various components (Edgar et al., 2011) . Open reference OTU picking was performed via Usearch 6.1 software using 97% similarity to the clustered Greengenes database as described in (McDonald et al., 2012) ; the database used was released in August 2013. Singleton OTUs were removed from the OTU table as further quality filtering to improve specificity. The taxonomic classifications of sequence reads were identified from the phylum to the species level by the Uclust based consensus taxonomy classifier with phylogenetic tree creation by Fast Tree (Price et al., 2010) .
For diversity measures, an even sequence sampling depth of 16,000 sequences was used to avoid artifacts due to differing numbers of sequences per sample. Briefly, alpha (α) diversity was used as an index of diversity within a sample and was determined by counting the number of OTUs found in multiple samplings of bacterial DNA sequences. During the first sampling, all OTUs identified were counted towards the number of observed OTUs; for each additional sampling, only unique OTUs were counted and added to the number of observed OTUs for that sample. This process was repeated until a total of 16,000 sequences are sampled. Principle coordinate analyses (PCoA) were performed to compare microbial community structure between samples utilizing weighted UniFrac measures . Linear effect size Linear Discriminant Analysis Effect Size (LefSe) analyses were performed using the freely distributed Galaxy efSe analysis module hosted at huttenhower.sph.harvard.edu/lefse/ (Segata et al., 2011) . Hypothesis testing using the Dirichlet-Multinomial distribution was performed via the HMP package for R (La Rosa et al., 2012) within the R Statistical Computing Environment (Dean and Nielsen, 2007) .
Statistical Analysis
Results are reported as means +/− SEM (n = 6-10). ANOVA with Bonferroni post-hoc test (for parametric data) or Mann-Whitney Rank Sum (for nonparametric data) were used for the determination of statistical significance among treated groups, as appropriate. A p value of less than 0.05 was selected before the study as the level of significance.
Results
Body and organ weight
All animals gained weight and there was no mortality or morbidity in any group during the course of the study. As observed previously (Tan et al., 2011) , arsenic did not significantly affect food consumption or body mass gain in animals fed either low fat diet (LFD) or high fat diet (HFD) ( Figure 1A and B) . HFD feeding significantly increased food consumption ~20% and body mass gain ~50% compared to LFD alone ( Figure 1C ). Whereas oligofructose (OFC) supplementation did not affect food consumption, it did significantly attenuate the increase in body mass gain caused by HFD; this effect of OFC was independent of the presence of arsenic in the diet.
Liver Injury
HFD significantly increased the liver-to-body weight ratio compared to low fat diet ( Figure  2B ). Liver weight to body weight percent was not significantly affected by concomitant arsenic exposure or by OFC feeding. As expected by the hepatomegaly observed, 10 weeks of HFD feeding dramatically increased lipid accumulation in the liver ( Figure 2A) ; this pathologic change consisted of both macrovesicular and microvesicular steatosis. Changes in quantity of hepatic triglycerides and non-esterified fatty acids (NEFA) ( Figure 2B ) were also determined. HFD alone increased hepatic triglyceride and NEFA content compared to LFD alone by more than 4 fold. Arsenic administration did not affect steatosis or hepatic triglyceride or NEFA content in either LFD-or HFD-fed animals. OFC administration blunted fat accumulation and significantly decreased triglyceride content compared to animals that received either HFD or arsenic + HFD without OFC. Interestingly, OFC had no significant effect on NEFA content in the liver.
HFD feeding also increased the appearance of necroinflammatory foci in the liver ( Figure  2A ). Circulating levels of the liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were determined as indices of liver damage ( Figure 2B ). HFD alone significantly increased ALT activity, but did not significantly affect AST activity. Whereas arsenic did not significantly affect plasma activities of either ALT or AST in the LFD group, it significantly enhanced the increase in these variables caused by HFD under these conditions by ~50%. The addition of OFC to animals receiving HFD did not affect the transaminase activities in the absence of arsenic. However, OFC administration completely blunted the increase in both ALT and AST caused by the combined exposure of arsenic and HFD.
Inflammation
Immunohistochemistry for F4/80, a marker of macrophages, was performed on liver tissue as an index of monocytic inflammation ( Figure 3A ). Neither arsenic nor HFD alone altered the number of F4/80 positive macrophages; however the combination of arsenic + HFD significantly increased the number of hepatic macrophages compared to arsenic or HFD alone, as was observed previously (Tan et al., 2011) . The administration of OFC significantly blunted the increase in number of activated macrophages caused by the combination of arsenic and HFD and values were similar to those of LFD controls. Hepatic mRNA expression of TNFα ( Figure 3B ) was not significantly changed by either arsenic or HFD alone.
Fibrin/PAI-1
Previously, the enhancement of HFD-induced liver injury caused by arsenic correlated with a significant increase in hepatic expression of PAI-1 (Tan et al., 2011) . PAI-1 is a major inhibitor of both tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA), and is therefore a key inhibitor of fibrin degradation (i.e., fibrinolysis) by plasmin. Fibrin deposition was determined by immunofluorescent staining and quantitation of fluorescent signal. LFD-fed animals given either tap or arsenic-containing water had minimal fibrin deposition in the liver ( Figure 4A ). HFD alone increased deposition of fibrin by ~2-fold. As observed previously (Tan et al., 2011) , the combination of HFD + arsenic significantly increased the expression of PAI-1 and fibrin deposition in liver ( Figure 4B ). OFC administration almost completely prevented the changes caused by arsenic under these conditions.
Effects of HFD, arsenic, and OFC on the cecal microbiome
The effects of arsenic, HFD, and OFC on relative abundance and total abundance of bacteria was determined at the phylum level ( Figure 5A ). As expected, the most abundance bacteria phyla were Bacteroidetes and Firmicutes. Arsenic exposure alone caused a loss of the Verrucobiorobia in animals that were fed a LFD. Interestingly, this effect was lost in animals that were fed a HFD; however, the combination of arsenic and HFD did lead to an increase in the gram-negative phylum Bacteroidetes. Oligofructose feeding increased the relative abundance of Bacteroidetes with a concomitant decrease in Firmicutes compared to all other groups that did not receive the prebiotic. Additionally, OFC restored the growth of Tenericutes which was lost in animals that received a HFD. OFC also resulted in a robust increase in total bacteria compared to animals that did not receive OFC.
Alpha (α) diversity (
Figure 5B) is shown as an index of diversity within a sample and was determined by counting the number of OTUs found in multiple samplings of bacterial DNA sequences. Interestingly, the greatest α diversity was observed in animals exposed to a LFD. HFD feeding reduced α diversity and the combination of HFD and OFC resulted in the lowest α diversity of all six groups. β diversity was used as a measure of diversity between samples ( Figure 5C ). As expected, samples that represent a single treatment group clustered more closely together, suggested a higher degree of similarity among the samples.
Linear discriminant analysis effect size (LefSe) was used to identify the enrichment of bacteria within treatment groups. When all six treatment groups were compared, unique enrichment profiles were observed for each group (Figure 6 ). In a LefSe comparison between the LFD and LFD + arsenic, enrichment was primarily seen in animals that received tap water, suggesting that arsenic exposure resulted in decreases in these bacteria including the commensal Bifidobacterium (Figure 7 ). Comparisons between animals fed HFD with or without arsenic and OFC showed that arsenic exposure was associated with a decrease in Mogibacteriacaceae and Turicibacter (Figure 7 ).
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Discussion
The GI tract is home to up to 100 trillion gut microbes including bacteria and viruses (Ley et al., 2005) . The microbes residing in the gut influence many important physiological functions, including metabolic processing, energy production, and immune system development (Ley et al., 2005) . Therefore, it is not surprising that dysbiosis of the gut flora is associated with a myriad of disease states locally in the GI tract, including diarrhea/ malabsorption (Keeney et al., 2014) and irritable bowel disease (Sokol et al., 2006) . Because of the critical importance of the microbiome in immune surveillance and tolerance, changes in the gut microbiome are also linked to autoimmune diseases and allergies (OchoaReparaz et al., 2009; West, 2014) . Additionally, the gut microbiome can contribute to diseases of distal organ systems, including the CNS which is negatively affected by gut dysbiosis (Bested et al., 2013) .
A major mechanism by which gut dysbiosis may contribute to systemic disease is via changing/impairing the GI tract barrier function. For example, rodent models of obesity have been associated with altered gut microbiota that favor gut leakiness and endotoxemia (Brun et al., 2007; Cani et al., 2007; . Furthermore, dysbiosis associated with obesity contributes to the development of inflammation (Cani et al., 2007; metabolic syndrome (Cani and Delzenne, 2010) , and non-alcoholic fatty liver injury (Brun et al., 2007) . The understanding that the GI tract contributes to liver injury (i.e., the gut-liver axis) has been understood for over a century and was first shown experimentally more than 60 years ago by Rutenberg et al, when they demonstrated that nonabsorbable antibiotics protected against diet-induced liver injury (Rutenburg et al., 1957) . Since then, many studies using a myriad of models including antibiotics (Adachi et al., 1995) , and germ-free mouse models (Luckey et al., 1954) have provided additional evidence implicating the microbiome in the susceptibility and development of liver disease. Today, the gut-liver axis and enteric dysbiosis, including that caused by a HFD, is a generally accepted component in the development of liver disease.
Although the role of arsenic in altering the microbiome is less well studied, arsenic is known to alter the microbial components of soil (Sheik et al., 2012) . A recent study by Lu et al has shown that high concentrations of arsenic can cause dysbiosis in mice (Lu et al., 2014) . In their study, metagenomic analysis of the gut flora of mice exposed to 50 ppm arsenic showed that arsenic significantly altered the abundance of some microbial families and also resulted in functional changes in the microbiome's metabolic profile (Lu et al., 2014) . The changes in the gut flora caused by arsenic in the current study were more subtle than those seen by Lu and colleagues; this difference may be attributed, in part, to the >10-fold lower arsenic concentrations used in the current study. Nevertheless, arsenic exposure here did change the mouse microbiome in the current study; importantly, arsenic further exacerbated the dysbiosis caused by HFD feeding in mice. Importantly, supplementation with oligofructose, a prebiotic that has been demonstrated to protect against dysbiosis and favor commensal bacteria, almost completely prevented the enhancement of HFD-induced liver injury caused by arsenic. These results therefore support the hypothesis that arsenic mediates liver injury under these conditions via mechanisms that involve the gut-liver axis.
There are several potential mechanisms by which the microbiome may mediate arsenicinduced liver injury (Figure 8) . First, the changes in the microbiome caused by diet (HFD and OFC) may affect arsenic metabolism and absorption. Indeed, interactions between gut microbes and arsenic are bidirectional. For instance, Pinyayev et al showed that bacteria from the mouse cecum can metabolize arsenic (Pinyayev et al., 2011) and others have shown that the human gut flora can metabolize arsenic into toxic metabolites (Rubin SS et al., 2014; Van de Wiele et al., 2010) . Whereas this is distinctly possible, it should be noted that concentrations that are 10-fold higher than used here were not directly hepatotoxic . Alternatively, the effects of arsenic on the microbiome may mediate the observed hepatotoxicity. Indeed, arsenic exposure expanded the population of Gram (−) bacteria that could produce endotoxins, which are well known for contributing to fatty liver injury. However, whether the effects are driven by microbiome changes on arsenic levels, or by arsenic changes on the microbiome, these changes may potentiate arsenic toxicity locally on the gut epithelium (Laparra et al., 2006) and contribute to enhanced arsenic toxicity distally in the liver.
The results of LEfSe analysis (Figures 6 and 7 ) may yield insight into the impact of arsenic and OFC supplementation on liver injury under these conditions (Segata et al., 2011) . LEfSe combines statistical significance with additional tests for biological consistency and effect relevance, and determines the metagenomic features that most likely explain differences between the treatment groups. The output are "biomarkers" that drive the assumed differences between the experimental groups. First, the "biomarker" of an increase in Turibacterales in the HFD group validates previous findings (Serino et al., 2012) ; importantly, the changes in this population correlated with insulin resistance in that study. Furthermore, decreases in Verrucomicrobia (Akkermansia) and Actinobacteria (Bifidobacteria) are "biomarkers" for the effect of arsenic in LFD-fed mice. Both commensal bacterial populations are associated with protective effects against glucose intolerance, inflammation and/or metabolic endotoxemia (Shin et al., 2014; Everard et al., 2013; Cani et al., 2007) and their loss may contribute to effect of arsenic under these conditions. The main "biomarker" in the HFD As +OFC group was in the Bacteroidetes spp, a population which is known to be increased by prebiotic fibers (Serino et al., 2012) and correlates with protection against metabolic effects of HFD feeding in mice. It is likely that these changes in bacterial populations drives, at least in part, the interaction between As and HFD, as well as the protection by OFC under these conditions (Figures 1-4) .
In addition to direct effects on the microbiome, the protective effect of OFC feeding under these conditions could also be 'upstream' of arsenic. Specifically, OFC feeding significantly attenuated the increase in hepatic lipids caused by HFD, both in the presence and absence of arsenic, which is in-line with previous findings [e.g., (Serino et al., 2012) ]. The multi-hit hypothesis of fatty liver disease involves not only an increase in gut-derived products that damage the liver, but also an increased sensitivity to the damage caused by these gut-derived products. Indeed, fatty livers are more sensitive to a second toxic 'hit,' including gut-derived LPS (Harmon et al., 2011) . Therefore, the favorable effects of OFC on hepatic steatosis may indirectly protect against the injury caused by HFD and/or arsenic by blunting this sensitization. In support of this hypothesis, enhanced liver injury caused by arsenic + HFD co-exposure was not due to an increase in steatosis per se, but rather due to an enhanced hepatic inflammatory response. Therefore, OFC may also be protecting against damage in this model by preventing hepatic sensitization caused by HFD-induced endotoxemia. Such a mechanism is supported by previous studies that arsenic-exposed livers are more sensitive to exogenous LPS and that liver injury here in OFC-fed mice was insensitive to arsenic administration.
In conclusion, protection against enhanced liver injury conferred by OFC is likely due to both direct effects on the microbiome, as well indirect effects on hepatic sensitization. These findings are in-line with previous work, in which OFC supplementation was shown to protect against direct effects of HFD on the gut microbiome and barrier function (Cani et al., 2007) . Prebiotics favor an environment in which commensal bacteria can thrive, in lieu of direct delivery of commensal bacteria (i.e., probiotics). As such, this approach may yield more predictable and stable results. Nevertheless, these results serve proof-of-principle that protecting against microbiome changes caused by arsenic can prevent the enhancement of inflammatory liver injury caused by this environmental contaminant. 
Abbreviation list
Highlights
• Arsenic (As) enhances liver damage caused by a high-fat (HFD) diet in mice.
• Oligofructose protects against As-enhanced liver damage caused by HFD.
• As causes dysbiosis in the GI tract and exacerbates the dysbiosis caused by HFD.
• OFC prevents the dysbiosis caused by HFD and As, increasing commensal bacteria.
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Figure 1. Model parameters
As shown in panel A, animals were exposed to arsenic (or tap) water for 11 weeks. One week after the start of arsenic exposure experimental diet (e.g. LFD, HFD, or HFD +OFC) was provided as described in Methods. Body weight and food consumption were recorded once per week for the duration of the experiment. Panel B shows change in body weight as a % of starting body weight over the course of the experimental diet feeding. Panel C shows total change in body weight in each experimental group in grams of body weight/mouse/ week (left) and food consumption (right). Data are shown as means ± SEM (n = 6-10). a , p 
Figure 2. OFC protects against liver injury and steatosis
Animals and exposures to high fat diet (HFD), arsenic (As), and the prebiotic oligofructose (OFC) were as described in the Methods. Panel A shows representative photomicrographs depicting hematoxylin & eosin staining (H&E, 200×; top left) of liver tissue. The left graph of panel B shows liver-to-body weight ratio (LW/BW%; left), which was determined as described in Methods. The middle graph shows hepatic non-esterified fatty acid (NEFA, gray bars) and triglyceride (TG, black bars) content which were determined using kits as described in Methods. The right graph shows plasma activity of alanine aminotransferase (ALT; black bars) and aspartate aminotransferase (AST; gray bars), which were used an index of liver injury and were measured as described in Methods. Quantitative data are shown as means ± SEM (n = 6-10). a , p < 0.05 compared to tap water control; b , p < 0.05 compared to LFD; c , p < 0.05 compared to no OFC. Animals and exposures to high fat diet (HFD), arsenic (As), and the prebiotic oligofructose (OFC) were as described in the Methods. Panel A shows representative photomicrographs (400×) of immunofluorescent staining for fibrin in which fibrin is stained with FITC (green) and cell nuclei are stained with DAPI (blue). Panel B shows quantitation of fibrin immunofluorescence which was determined using Metamorph software as described in Methods. Hepatic PAI-1 mRNA expression was determined using real time RT-PCR as described in Methods. Quantitative data are shown as means ± SEM (n = 6-10). a , p < 0.05 and sequenced as described in Methods. Linear Discriminant Analysis Effect Size (LefSe) was used to determined enrichment of bacterial taxa between groups. Effect size was estimated using linear discriminant analysis (LDA). Panel A shows LefSe analysis of all six treatment groups, which is plotted on a cladogram. Each treatment group is represented by a unique color; highlighted taxa indicate enrichment of that taxa within the treatment group that corresponds to the highlighting color. Effect size is represented by the size of the circular intersection points between the taxa. Previous studies suggest that arsenic toxicity may be a hidden risk factor for developing severe fatty liver disease; indeed this group has shown that arsenic enhances liver injury in a model of NASH (6). Here we propose that the mechanisms underlying enhanced hepatic injury involve changes in both the gut and liver. We propose that HFD and arsenic favor the production of GI tract toxins (e.g. LPS) and increase gut leakiness by altering the GI tract flora. We further propose that HFD and arsenic sensitize the liver to toxic injury caused by gut-derived toxins. Prebiotics have been shown to protect against changes in gut flora and permeability caused by high fat diet (8). Therefore, the aim of this study was to test the hypothesis that the prebiotic oligofructose can protect against hepatic injury caused by HFD and arsenic.
Massey et al. Page 27
